T he global population is expected to reach 9.3 billion by 2050 (UN, 2015) , at a time when climate change is going to adversely affect crop production (Lobell et al., 2008; Palm et al., 2010) , challenging food security. Solving this problem could be difficult, as the highly productive cultivars currently used have a narrow genetic base and, in many cases, lack the adaptation mechanisms to respond to environmental changes (Stamp and Visser, 2012) .
Crop wild relatives (CWR; i.e., wild plant taxa relatively closely related to species of direct socioeconomic importance) are relevant in this context because they provide a wide genepool of potential gene donors (Feuillet et al., 2008; Maxted et al., 2012) . The genetic diversity of CWR has been successfully used in breeding for new traits (Hajjar and Hodgkin, 2007; Honnay et al., 2012) , and the wide range of adaptations found in CWR can be used as a genetic resource to mitigate the effects of climate change on crops (Brozynska et al., 2016) .
Due to the potential value of CWR and the threats they are exposed to , the conservation of CWR and their genetic diversity is a priority objective of the International Seed
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Treaty (FAO, 2001 ) and other international policy documents such as the Convention on Biological Diversity (CBD, 2010a (CBD, , 2010b FAO, 2001 FAO, , 2011 . The importance of CWR has also been highlighted in a recent report by FAO (2015) , which recommends consolidating CWR collections to adapt agriculture to climate change.
In situ and ex situ approaches to CWR conservation should be considered complementary strategies (Reid and Miller, 1989; Ford-Lloyd and Maxted, 1993; Heywood and Iriondo, 2003; FAO, 2011) . The in situ conservation of CWR is necessary to maintain viable populations capable of adapting to future environmental conditions (Heywood, 2008; Maxted and Kell, 2009) , whereas the ex situ conservation of germplasm conserved in situ provides safety duplications of natural plant diversity threatened by the impacts of human activities (Thuiller et al., 2005; Van Vuuren et al., 2006) . When in situ conservation is not implemented, the easiest way to preserve, at least partially, the original plant diversity is to collect a representative sample for ex situ conservation. In this sense, what in situ conservation cannot preserve should be prioritized for ex situ conservation, and vice versa.
Crop wild relatives represent ~2 to 6% of global genebank ex situ collections, and only ~6% of the total number of CWR species have any accessions conserved ex situ (Maxted and Kell, 2009; FAO, 2011) . Consequently, the collection and storage of CWR in genebanks where they can be made available for research and breeding is an urgent task.
The populations selected for seed collecting should be representative of the overall existing genetic variation of adaptive value across the distribution of the target taxa (Parra-Quijano et al., 2012c) , avoiding the collection of redundant materials. Given the hypothesis that "molecular diversity is structured and positively correlated with, and partly predictable by, abiotic and biotic environmental heterogeneity and stress" (Cronin et al., 2007) , resistance to abiotic stresses may be found in accessions previously exposed to such specific environmental stress (Hawtin et al., 1996) . In this sense, CWR populations in marginal environments of the species' range may have traits related to biotic and abiotic stress tolerance that are of interest to plant prebreeders and breeders (Vicenti et al., 2013) .
Due to limited economic resources, genebanks need efficient collection strategies to optimize the collection of target taxa in a minimum number of sites while maximizing the capture of genetic diversity of adaptive value. One step in this direction is provided by the use of gap analysis, which has been widely applied for designing germplasm collection activities with conservation purposes . For instance, Ramírez-Villegas et al. (2010) applied a gap analysis methodology to collect the crop genepool of Phaseolus beans, evaluating conservation deficiencies at three different levels (taxonomic, geographic, and environmental). Other recent studies involving gap analysis have been performed by Fitzgerald (2013) , Shehadeh et al. (2013) , Phillips et al. (2014; ), Fielder et al. (2015 Castañeda-Álvarez et al. (2016) .
Optimized collecting design (OCD) is a simple technique described by Parra Quijano et al. (2012c) that identifies ecogeographical gaps of a target species in an ex situ collection. This technique aims to improve the genetic representativeness of an ex situ collection by increasing its ecogeographical representativeness. This goal can be achieved based on the premise that natural selection acting on specific limiting environmental conditions originates particular genetic adaptations. Optimized collecting design is composed of a two-step gap analysis and further optional steps to refine initial priorities. Gap analysis first identifies occurrence sites of the target species from external sources that are not currently conserved in genebanks (spatial gaps) and then uses ecogeographic land characterization maps to detect from these spatial gaps sites containing populations growing in environments that are not represented in ex situ genebanks (ecogeographical gaps).
As few methodological choices are currently available to conduct efficient seed-collecting expeditions, the aim of this study was to generate a new improved OCD specifically targeted to increase the genetic representativeness of CWR collections in genebanks. Given a set of target species, the purpose of this OCD is to identify areas that should be surveyed to efficiently collect the largest number of ecogeographical gaps in the least number of areas. In contrast with the previous OCD and other gap analysis approaches, the focus is not on species but on populations, and the criteria for selecting the collecting areas is not targeted species richness but richness of ecogeographical gaps. Furthermore, the gap analysis is not based on species distribution models but on high-quality georeferenced occurrence data.
To illustrate the applicability of the new OCD, the method was applied to a set of 98 CWR species that are related to cereal and legume crops used for food and belong to the priority list of the Spanish National Inventory of Crop Wild Relatives (Rubio-Teso et al., 2013) . By applying the new OCD, we aimed to answer the following questions: (i) What spatial and ecogeographical gaps are found in the Spanish genebank collections of CWR of legumes and cereals used for food?; (ii) Which areas should be surveyed to efficiently collect the largest number of spatial and ecogeographical gaps in the least number of areas?; and (iii) Are these areas being adequately conserved in situ by the Spanish protected areas network of Site of Community Importance (SCI)?
We then identified the most relevant variables to describe different adaptive scenarios for each species in both the bioclimatic and the edaphic component using the SelecVar tool from CAPFITOGEN (Parra-Quijano et al., 2015). This tool
MATeRiAlS And MeThodS

Species datasets
The taxa considered in this study were CWR of food crops from Fabaceae and Poaceae families occurring in Spain and included in the priority list of the Spanish National Inventory of Crop Wild Relatives (Rubio-Teso et al., 2013) .
Data on the Spanish populations of the targeted taxa collected and conserved in genebanks of the Spanish Network on Plant Genetic Resources for Agriculture and Food (PGRFA; hereinafter, "accessions") were obtained from the Spanish Inventory of Plant Genetic Resources (SIPGR, 2015) .
Data on population occurrences from other sources (hereinafter, "external sources") were obtained from the Global Biodiversity Information Facility database (GBIF, 2014) and the Biodiversity Data Bank of Generalitat Valenciana (BDBGV, 2013) .
Populations conserved in ex situ genebanks that do not belong to the Spanish Network on PGRFA were also considered external sources. Lastly, accessions missing in the Spanish National Inventory, provided by the Plant Genetic Resources National Centre of the Spanish National Institute for Agricultural and Food Research and Technology, were considered external sources as well.
The sum of accessions and external sources data for a single taxon is referred to as "species data." Species names were harmonized using Germplasm Resources Information Network (GRIN) Taxonomy (USDA-ARS, 2014). Consequently, the 98 original taxa from the prioritized list of the Spanish National Inventory of Crop Wild Relatives were reduced to 88 (Table 1) .
The following types of data were excluded from the study: accessions and external sources without geographic coordinates, external sources with geographic coordinates expressed in decimal degrees with less than two decimals in both latitude and longitude and without textual information on the occurrence site, and records of external sources dated before 1950. Accessions and external sources data used in this study were standardized to CAPFITOGEN data formats (Parra-Quijano et al., 2015) , which is based on the Multi-Crop Passport Descriptor (FAO, 2012) plus four additional administrative fields for collecting or occurrence site description.
They were then subjected to a georeferencing quality evaluation using GEOQUAL from the CAPFITOGEN toolkit (Parra-Quijano et al., 2015) . We set a quality threshold of TOTALQUAL = 70, so that only occurrence data with quality values above this value were considered in subsequent analyses. This procedure eliminates records with georeferencing data of low accuracy, mistaken coordinates, or inconsistencies between coordinates and the associated locality names.
Selection of important Variables
We considered taxa that had at least 30 unique occurrence sites in the species datasets. Ecogeographical information was extracted for each occurrence site from raster layers with a 30 arc-second resolution and classified into three ecogeographical components. Thus, we gathered data on 67 bioclimatic, 16 edaphic, and 4 geophysic variables from various sources compiled by CAPFITOGEN (Parra-Quijano et al., 2015) (Supplemental Table S1 ). Table 1 . The subset of 88 priority taxa from the Spanish National Inventory of Crop Wild Relatives used in the creation of the multispecies collecting.
Priority taxa
Aegilops biuncialis Vis.
Lathyrus tingitanus L.
Aegilops geniculata Roth
Lathyrus tuberosus L.
Aegilops neglecta
Req. Ex Bertol. Lathyrus vernus (L.) Bernh.
Aegilops triuncialis L.
Lathyrus vivantii P. Monts.
Aegilops ventricosa Tausch
Lens ervoides (Brign.) Grande
Avena barbata Pott ex Link
Lens lamottei Czefr.
Avena canariensis B.R. Baum et al.
Pisum sativum L.
Avena longiglumis Durieu
Secale strictum (C. Presl) C. Presl subsp. strictum Avena lusitanica (Tab. Morais) B.R. Baum Vicia altissima Desf.
Avena murphyi Ladiz.
Vicia argentea Lapeyr.
Avena sterilis L.
Vicia articulata Hornem.
Cicer canariense A. Santos & G.P. Lewis
Vicia benghalensis L.
Hordeum bulbosum L.
Vicia bifoliolata J. J. Rodr.
Lathyrus amphicarpos L.
Vicia filicaulis Webb & Berthel.
Lathyrus angulatus L.
Vicia glauca C. Presl.
Lathyrus annuus
Lathyrus cicera L. Vicia leucantha Biv.
Lathyrus cirrhosus Ser.
Vicia loiseleurii (M. Bieb.) Litv.
Lathyrus clymenum L.
Vicia lutea L.
Lathyrus filiformis (Lam.) J. Gay Vicia monantha Retz.
Lathyrus hirsutus L.
Vicia monardii Boiss.
Lathyrus inconspicuus L.
Vicia narbonensis L.
Lathyrus latifolius
L. Vicia nataliae U. Reifenb. & A. Reifenb. Lathyrus linifolius (Reichard) Bassler Vicia onobrychioides L. Lathyrus niger (L.) Bernh. Vicia orobus D.C.
Lathyrus nissolia L.
Vicia pannonica Crantz
Lathyrus palustris subsp. nudicaulis (Willk.) P. W. Ball
Vicia parviflora Cav.
Lathyrus pannonicus (Jacq.) Garcke Vicia pyrenaica Pourr.
Lathyrus pratensis L.
Vicia scandens R. P. Murray
Lathyrus pulcher J. Gay Vicia sepium L.
Lathyrus saxatilis (Vent.) Vis.
Vicia tenuifolia Roth
Lathyrus setifolius L. Vicia tetrasperma (L.) Schreb.
Lathyrus sphaericus Retz.
Vicia vicioides (Desf.) Cout.
Lathyrus sylvestris L.
Vicia villosa Roth estimates the importance of each variable according to the random forest classification (RFC) and detects redundant variables through bivariate correlation analysis. Variables below position the 30th in the RFC ranking were discarded. Pairs of variables with Pearson correlation coefficients >|0.50| and p-value < 0.05 in the top 30 variables of the RFC ranking of the same ecogeographical component were considered correlated variables, and the lower-ranked variable was removed. The geophysical variables were not subjected to SelecVar, as we only considered four (elevation, slope, latitude, and longitude). However, they were included in subsequent analyses. Data occurrences <30 were considered insufficient to select taxon-specific ecogeographic variables.
Generation of elC Maps
We generated a specific ecogeographic land characterization (ELC) map for each taxon with at least 30 unique occurrence sites using the three most important and nonredundant bioclimatic and edaphic variables according to the RFC ranking and the geophysical variables. For taxa with <30 data occurrences, we generated a generalistic ELC map using the set of variables indicated in Supplemental Table S2 . The variables were selected based on our expert knowledge of the most important abiotic factors limiting vegetation distribution in Spain (modified from Parra-Quijano et al., 2012b) and the subsequent discard of highly correlated variables, using the correlation criteria described above.
All ELC maps were generated using the ELCmapas tool of the CAPFITOGEN toolkit (Parra-Quijano et al., 2015) . The parameters selected in the ELCmapas tool were: 30 arc-second cell size, three clusters as a maximum number of clusters per ecogeographical component (bioclimatic, edaphic and geophysic), and 50 iterations in the Calinski-Harabasz method. The Calinski-Harabasz method (Calinski and Harabasz, 1974) was used to define the objective number of clusters by component. This method generates the shortest dendrite (Florek et al., 1951) , on a nearest-neighbor basis, and then divides it into clusters by applying the criterion of minimum within-cluster sum of squares. This procedure ensures an effective reduction of the number of possible splits (Calinski and Harabasz, 1974) .
identification of Spatial and ecogeographical Gaps
Spatial gaps were identified for each species when external source occurrences were >1 km apart from the location of accessions.
We then analyzed the ecogeographical representativeness of the existing germplasm collections considering the spatial gaps and ecogeographical categories obtained with the ELC maps using the Representa tool of CAPFITOGEN (Parra-Quijano et al., 2015) . Spatial gaps were considered ecogeographical gaps when they occurred in ecogeographical categories not currently represented for the corresponding taxa in the genebanks of the Spanish Network.
Complementarity Analysis of ecogeographical Gaps and Prioritization of occurrence Sites for Future Collections
Ecogeographical gaps of the targeted taxa were considered taxon-ELC category combinations in a complementarity analysis using a 10-km ´10-km cell grid and the Rebelo (1994) approach, primarily applied in the design of protected areas network. The 10-km ´10-km cell size was considered effective for this study due to the heterogeneity of the landscape. We defined richness of ecogeographical gaps as the number of different taxon-ELC category combinations found in the ecogeographical gaps of an area.
The analysis provided a set of 10-km ´10-km complementary areas ranked by decreasing richness of ecogeographical gaps (i.e., a decreasing number of complementary-ELC category combinations). When two cells had the same richness of ecogeographical gaps, the number of ecogeographical gaps and the number of taxa present in the cells were used as second and third criteria, respectively, to prioritize the cells. The set of areas maximizes the richness of the targeted taxa and environments not represented in the SIPGR. This analysis was performed with the Complementa tool from CAPFITOGEN (Parra-Quijano et al., 2015) .
evaluation of the degree of in Situ Protection of ecogeographical Gaps
The coverage of the top 10 complementary areas of ecogeographical gaps by the Spanish SCI network, belonging to the Natura 2000 network (European Commission, 2016) , was also checked with DIVA-GIS (Hijmans et al., 2004) . The objective was to identify which ecogeographical gaps within the top 10 complementary areas were not covered by the Spanish SCI network and, thus, could be considered priority for germplasm collection.
The coverage of the ecogeographical gaps within the Spanish protected areas network of SCI was analyzed with the Complementa tool from CAPFITOGEN (Parra-Quijano et al., 2015) to assess the degree of passive in situ protection provided by the network.
ReSulTS
Germplasm Collection Sites and occurrence data
We compiled a total of 1163 and 39598 records in the accessions and external sources datasets, respectively. Data preprocessing showed that the most frequently recorded species in Spain were Hordeum murinum L., Aegilops geniculata Roth, and Vicia sativa L., with 6171, 3632, and 3630 nonduplicated high-quality records (TOTALQUAL > 70), respectively. The least frequently recorded species were Vicia nataliae U. Reifenberger & Reifenberger, Cicer canariense A. Santos & G. P. Lewis, and Vicia leucantha Biv., with zero, one, and one record, respectively. The number of accessions and occurrence data from external sources for each species before and after applying the georeferencing quality threshold is shown in Supplemental Table S3 . Applying this threshold eliminated 6% of the populations initially recorded and indicated that 46 of the 88 targeted taxa are not represented in the SIPGR.
Selection of important Variables
The variables selected for each studied taxon and ecogeographical component (bioclimatic, geophysical, and edaphic All the ecogeographical gaps present in Cells 2 and 3 in the ranking were covered by the SCIs, whereas no ecogeographical gaps present in Cells 5 and 9 in the ranking were covered by the SCIs.
The coverage analysis found that 5308 ecogeographical gaps belonging to 514 different taxon-ELC category combinations were included by the Spanish SCI network. Figure 3 shows the protected areas containing at least one ecogeographical gap. The 10 protected areas containing the highest number of complementary ecogeographical gaps detected by the OCD are shown in Table 3 .
diSCuSSion
We present an optimized collection design based on the principles of complementarity and ecogeographical representativeness of ex situ collections, using the CWR of legumes and cereal crops of Spain as a case study. Collecting germplasm from the top 10 complementary 10-km ´10-km areas of decreasing richness of ecogegraphical gaps would add to the SIPGR 212 complementary taxon-ELC category combinations belonging to 58 different taxa. Twenty-four of these taxa were not previously conserved in the collections, and nine taxa had less than six accessions. A second priorization step was taken within these 10 areas, based on whether the ecogeographical gaps were covered by the in situ Spanish SCI network. This identified priority areas where collecting was more urgent. Given that the genetic diversity of plant species varies across geographic range and is associated with adaptation to different ecological conditions (Hedrick, 1986; Eckert et al., 2008; Wang and Bradburd, 2014) , this new type of OCD facilitates an efficient multispecies sampling of populations that maximizes the capture of genetic diversity of adaptive value that is not represented in genebank collections.
identification of Spatial and ecogeographical Gaps
The high percentage of populations in the external sources dataset that corresponded to spatial gaps (75%) highlights the shortcomings of CWR ex situ conservation in the SIPGR. These results confirm more general previous CWR assessments that estimated that although 71% of priority CWR taxa are represented in Spanish genebanks, only 23% of priority taxa have more than five accessions conserved (Iriondo et al., 2016) . A similar situation has been observed in other countries where percentages of priority CWR taxa with more than five accessions range between 0 and 35% (Iriondo et al., 2016) . Vincent et al. (2013) and Castañeda-Álva-rez et al. (2016) concluded that the global diversity of CWR is poorly represented in genebanks. If CWR remain unconserved ex situ, they are unlikely to be used (Maxted and Kell, 2009) . variables) are shown in Supplemental Table S4 . Isothermality and October precipitation were the most important variables in the bioclimatic component (in 15 and 10 taxa, respectively). Topsoil reference bulk density and topsoil calcium sulfate (gypsum) content were the most important variables (in 33 taxa) in the edaphic component.
Generation of elC Maps
Sixty-two taxon-specific ELC maps were generated. Additionally, a general ELC map was obtained for 
identification of Spatial and ecogeographical Gaps
Among the 37,426 populations reported by external sources, 27,907 corresponded to spatial gaps. Hordeum murinum and Vicia sativa had the largest number of spatial gaps (3839 and 2530, respectively), whereas Vicia leucantha had the smallest (1). Among the 27,907 spatial gaps, 12,449 (45%) populations corresponded to ecogeographical gaps. These populations occur in ecogeographical categories that are not represented in the Spanish Network on PGRFA. Hordeum murinum and Vicia tenuifolia Roth had the largest number of ecogeographical gaps (1018 and 868, respectively), whereas Lathyrus sylvestris L., Lens ervoides (Brign.) Grande, and Vicia leucantha had the smallest (1). The 12,449 populations identified as ecogeographical gaps belonged to 683 different taxon-ELC category combinations.
Complementarity Analysis of ecogeographical Gaps and Prioritization of occurrence Sites for Future Collections
The complementarity analysis resulted in a set of 279 10-km ´ 10-km cells ranked by decreasing richness of ecogegographical gaps. A total of 212 complementary taxon-ELC category combinations and 523 populations belonging to 58 different taxa were present in the top 10 cells of the ranking. Figure 1c shows the location of these cells, and Table 2 shows the number of complementary taxon-ELC category combinations present in each of them.
evaluation of the degree of in Situ Protection of ecogeographical Gaps
All 10 10-km ´ 10-km cells with the highest richness of ecogeographical gaps were partially or totally included in the protected areas of the Spanish SCI network (Fig. 2) . The identification of ecogeographical gaps and their use as the basis to develop optimized collecting strategies constitutes an improvement over classical approaches based solely on spatial gaps. The identification of 683 taxon-ELC combinations that are presently not conserved in the SIPGR sets the collecting target not on the taxon but on its functional adaptive range as a proxy of its genetic diversity.
In our study, we made great effort to only include records that had a suitable georeferencing quality in the analyses. In fact, quality assessment of the georeferenced data found that 6% of the initial records did not meet the minimum quality criteria and had to be discarded. The quality of georeferencing in spatial analysis is very important to obtain reliable results. For instance, Maldonado et al. (2015) found that geographic inaccuracy affects diversity patterns more than taxonomic uncertainties, and Graham et al. (2008) found that location errors result in less accurate distribution models in many species. Consequently, some studies have excluded records based on the date of the record or with a precision lower than a certain area (Fielder et al., 2015; Fielder et al., 2016) ; other authors have used geolocation software to verify and correct coordinates (Ramírez-Villegas et al., 2010) , and yet other studies have turned to experts on the target species to evaluate the correctness of the occurrence data (Khoury et al., 2015) .
Both spatial and ecogeographical gaps seem to be nonuniformly distributed over the territory under study. Both the raw data and the ecogeographical gaps distribution showed a higher density of occurrences in certain areas of the country, coinciding with the administrative boundaries of three autonomous communities (Navarra and País Vasco in the north of the country, and Valencia in the east). This pattern probably reflects a higher intensity of chorological studies in these regions. The future improvement of plant chorological data throughout the country may provide new taxon-ELC combinations among the taxa under study, which would require updated OCD analysis to pinpoint target areas for collection.
In the identification of spatial gaps of wild taxa of the Phaseolus genepool, Ramírez-Villegas et al. (2010) assessed the adecuacy of the geographic coverage of genebank accessions through a geographical representativeness score (GRS). This score is the geographic coverage of germplasm collections divided by the potential distribution coverage of the taxon under analysis. This method of identifying spatial gaps has been used by Fielder et al. (2015 Fielder et al. ( , 2016 in their studies on the conservation of CWR in England and Scotland. However, GRS and other indices, based primarly on predictive distribution models and suggested as a guide to germplasm collecting, have not yet been used intensively in field collecting activities.
A limitation of using species distribution models to develop germplasm collecting strategies is that it may lead to the overrepresentation of some adaptive scenarios, because these models lead collectors to the species' most preferred habitats (Parra-Quijano et al., 2012c) . Another important aspect is that they are usually based only on bioclimatic information. Fortunately, recent modeling approaches include soil and topographic traits in their predictive distribution models to assess CWR diversity spatial patterns, with satisfactory results in the evaluation of the models (Phillips et al., 2016) . Nevertheless, predictive distribution models have been a useful method to infer species occurrence for collecting purposes starting from scarce occurrence data ( Jarvis et al., 2005) .
To overcome these limitations, our multispecies OCD is based only on real (not potential) occurrences reported in biodiversity databases, avoiding the use of predictive distribution models to infer potential areas with a high richness of the targeted taxa. This methodology is a more conservative approach to identify priority collecting sites, providing greater confidence to collectors on the chances of finding the targeted taxa when they go to the field.
The methodology applied in our study, which considers bioclimatic, edaphic, and geophysical components, allowed us to identify populations in less common environments within the species' range, from a more integral point of view. Nevertheless, both OCD and predictive distribution model approaches can be affected by common issues such as the abovementioned spatial bias of the occurrence data, the reliability of environmental layers, and the uncertainty about whether the populations recorded as gaps are still viable or have become extinct. This is especially important if the records are old and the area has been subjected to intense human disturbance.
Complementarity Analysis of ecogeographical Gaps
The collection of germplasm from the top 10 complementary areas of decreasing richness of ecogeographical gaps would significantly improve the ecogeographical representativeness of the targeted CWR taxa within the SIPGR. Complementarity analysis has been mainly applied in the area of biodiversity, such as in the design of protected area networks (Rebelo and Siegfried, 1990; Justus and Sarkar, 2002) . The objective of a design based on the complementarity concept is to ensure that the areas chosen for inclusion in a network complement those already selected ( Justus and Sarkar, 2002) , but complementarity analysis of occurrence sites can also be used to improve the representativeness of ex situ collections. In this study, a successful collection of germplasm in the top 10 selected complementary areas would allow the capture of 59 of the 88 targeted taxa and 31% of the 683 different taxa-ELC category combinations identified in the ecogeographical gaps. It is difficult to establish which criteria should be considered to determine how many 10-km ´10-km complementary areas would allow us to collect an acceptable portion of the genetic diversity of the target taxa currently not represented in the national genebank. The collection of the top 10 10-km ´10-km complementary areas is quite feasible in terms of collecting effort and provides a great portion of the targeted taxa-ELC combinations. However, collection efficiency decreases as we continue with the next complementary areas, following the rule of diminishing returns. For instance, to capture 50% of the different taxa-ELC category combinations corresponding to ecogeographical gaps, the top 33 complementary areas would have to be collected. Improving the ecogeographical representativeness from that point on would involve collection in complementary areas that provide four or less new taxon-ELC category combinations, which may not be worthwhile in the context of a multispecies collection strategy.
It could be reasonably argued that if we consider the ex situ genebank accessions outside the Spanish Network on PGRFA as external sources and potential gaps, the collection design will be less efficient because collecting at these sites would entail duplicating collection work that has already been done. Therefore, these gaps should only be targeted if the corresponding accessions are not available in genebanks. In any case, the top 10 10-km ´10-km complementary areas did not include any sites belonging to this dataset.
evaluation of the degree of in Situ Protection of ecogeographical Gaps and Prioritization of occurrence Sites for Future Collections
Spain has no formally recognized in situ areas for CWR conservation. Only the passive conservation of these taxa through the legally recognized protected areas networks could be considered a potential contribution to the maintenance of these genetic resources.
Although the top 10 complementary areas with a high richness of ecogeographical gaps are at least partially covered by a SCI, the persistence of these populations is not guaranteed through this passive conservation (Maxted et al., 1997; Hunter et al., 2012) , and germplasm collection for ex situ conservation is needed. Table 2 provides the ranking of priority for collection in terms of collection effectiveness. Nevertheless, when we consider the percentage of populations not covered by SCI, greater urgency should be given to Cells 5 and 9 of the ranking, because 100% of the target populations are outside the SCI network.
The coverage analysis showed that 44% of ecogeographical gaps detected were included within a SCI protected area. To guarantee real in situ conservation, active conservation measures involving the establishment of genetic reserves are needed (Maxted and Kell, 2009; Iriondo et al., 2012) . Detection of ecogeographical gaps in ex situ conservation (which is the basis of the present study) can be useful as a part of a strategy to outline future genetic reserves (Parra-Quijano et al., 2012a). As it is generally accepted that CWR genetic reserves should be established within existing protected areas (Maxted et al., 1997; Heywood and Dulloo, 2006; Iriondo et al., 2008; Maxted and Kell, 2009) , some areas within the top 10 complementary areas could be proposed as genetic reserves.
Final Remarks
We present a new optimized collecting design that, for the first time, uses ecogeographical representativeness as the basis for conducting a complementarity analysis. It identifies the areas that should be surveyed to efficiently collect the largest number of ecogeographical gaps in the least number of areas, thereby improving the ecogeographical and genetic representativeness of genebank collections. It is important to note that the focus of this approach is not in prioritizing collection among CWR species. In contrast with the previous OCD and other gap analysis approaches, the focus is not on species but on populations, and the criteria to select the collecting areas is not targeted on species richness but on richness of ecogeographical gaps. Furthermore, the gap analysis is conservative and not based on species distribution models but on highquality georeferenced occurrence data. We believe that this optimized collecting design can be readily used for the efficient collection of multispecies CWR germplasm in any given territory. There are still several ways in which the proposed methodology could be further improved, such as (i) further assessments of the thresholds of ecogeographic variation that determine significant differences in adaptive genetic variation; (ii) the use of species specific geographic distances to identify spatial gaps; (iii) the inclusion of adaptive scenarios present in the genebanks but underrepresented in terms of number of accessions as collecting targets; and (iv) in-depth studies to assess the effects of low-quality georeferenced data and the effects of nonuniform efforts in botanical exploration that lead to biased chorological data. Furthermore, parallel progress is needed in the direct analysis of genetic diversity (preferably focused on non-neutral alleles) to investigate the adequate number of sites to collect an acceptable portion of the genetic diversity of adaptive value of the target taxa.
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